Oxidative stress can induce cell dysfunction and lead to a broad range of degenerative alterations, including carcinogenesis, aging, and other oxidative stress-related conditions. To avoid undergoing carcinogenesis in response to oxidative stress, cells trigger a succession of checkpoint responses, including premature senescence and apoptosis. Increasing evidence indicates that H 2 O 2 , an important cause of oxidative stress, functions as an important physiological regulator of intracellular signaling pathways that participate in regulation of cell premature senescence and apoptosis. However, the precise mechanisms underlying this process remain to be studied extensively. In this study, we describe the importance of Pim-1 kinase in this checkpoint response to oxidative stress. Pim-1 binds to and phosphorylates the transcription factor high mobility group box transcription factor 1 (HBP1), activating it. H 2 O 2 enhances the interaction between Pim-1 and HBP1 and promotes HBP1 accumulation. In turn, HBP1 rapidly and selectively up-regulates Pim-1 expression in H 2 O 2 -stimulated cells, thereby creating a Pim-1-HBP1 positive feedback loop that regulates H 2 O 2 -induced premature senescence and apoptosis. Furthermore, the Pim-1-HBP1 positive feedback loop exerts its effect by regulating the senescence markers DNMT1 and p16 and the apoptosis marker Bax. The Pim-1-HBP1 axis thus constitutes a novel checkpoint pathway critical for the inhibition of tumorigenesis.
concentration-dependent and vary among different cell types and densities (7, 8) . H 2 O 2 controls cell signaling and stimulates proliferation at low levels, whereas in high concentrations it initiates premature senescence and apoptosis. Although it has historically been regarded as purely harmful, recently a growing body of evidence suggests that H 2 O 2 also functions as an important physiological regulator of intracellular signaling pathways (9, 10) . However, the mechanisms underlying the physiological functions of H 2 O 2 have not been extensively studied.
Pim-1 is a proto-oncogene encoding a serine/threonine protein kinase that regulates cell proliferation and growth. In response to various types of stress, Pim-1 is hyperactivated to modulate the expression of numerous target genes (11) (12) (13) . Pim-1 contributes to cancer development by phosphorylating multiple target substrates that are related to cell proliferation and antiapoptotic effects. Traditionally, the proto-oncogene Pim-1 has been thought to mainly promote tumorigenesis. Overexpression of Pim-1 promotes cell proliferation and inhibits apoptosis, thus leading to tumor formation in mice (12, 14, 15) . However, recent studies suggest that other, unconventional activities of Pim-1 can lead to it acting as a tumor suppressor. A number of studies indicate that Pim-1 overexpression elicits senescence rather than enhancing growth in normal fibroblasts and cancer cells (16 -19) . However, the molecular mechanisms driving this regulation are still poorly understood.
High mobility group (HMG) 2 box-containing protein 1 (HBP1) is homologous to the sequence-specific HMG family of transcriptional factors (20 -22) . Previous evidence suggests that HBP1 is a tumor suppressor. HBP1 maps to chromosome 7q31.1, a region that has been reported to be frequently deleted in numerous cancer types (23) (24) (25) (26) (27) (28) , and has been shown to be required for oncogene-mediated premature senescence, which is a feature lost in malignant transformation (29) . Thus, HBP1 has many features that are consistent with it being a regulator of tumorigenesis. As a transcription factor, HBP1 has dual and complex transcriptional functions. HBP1 directly represses transcription via a high-affinity element on target genes, including p47phox, N-MYC, MIF, DNMT1, and EZH2 (22, 29, 31, 32) . Additionally, HBP1 can transcriptionally activate genes such as those encoding p16, p21, myeloperoxidase (MPO), and histone H1 (33) (34) (35) (36) (37) . The dual transcriptional repression and activation activities of HBP1 on different genes are dictated by differences in the DNA elements bound, differential acetylation, and differential promoter DNA and histone methylation. Given its regulatory effect on important cell cycle regulators, it is not surprising that overexpression of HBP1 induces cell cycle arrest and premature senescence in numerous types of cells and in organs (29, 32, 33) .
Protein phosphorylation is a key posttranslational modification that regulates protein stability, activity, and localization. Indeed, over 70% of cellular proteins are regulated by phosphorylation (38 -41) . In this study, we investigated the effect of Pim-1 kinase on phosphorylation of the transcription factor HBP1 and found an intricate posttranslational modification mechanism involved in regulating premature cellular senescence and apoptosis. A previous publication has shown that p38, a kinase activated by H 2 O 2 , phosphorylates HBP1 and increases its stability (42) . However, the pathway by which HBP1 regulates H 2 O 2 -activated premature cellular senescence and apoptosis is not well understood. Here, we found that Pim-1 interacts physically with HBP1 to promote HBP1 phosphorylation and enhance HBP1 protein stability and transcriptional activity. The interaction of Pim-1 and HBP1 is enhanced in H 2 O 2 -induced prematurely senescent and apoptotic cells and is followed by HBP1 activation. Furthermore, the Pim-1 gene itself is a target for positive transcriptional regulation by HBP1. Thus, the Pim-1-HBP1 axis constitutes a novel positive feedback pathway that causes premature senescence and apoptosis and is critical for maintenance of proper cellular metabolism following oxidative stress.
Results

Both Pim-1 and HBP1 expression are up-regulated in H 2 O 2induced prematurely senescent and apoptotic cells
Mao and co-workers (16) and others (43) previously reported that Pim-1 levels were increased in H 2 O 2 -induced prematurely senescent or apoptotic cells. Our data show that HBP1 expression was up-regulated in response to H 2 O 2 -induced oxidative stress, suggesting a syntropic relationship. Intriguingly, we observed a statistically significant positive correlation between Pim-1 and HBP1 expression in cervical cancer and pancreatic cancer based on data from public databases (supplemental Fig.  S1, A and B) , suggesting that the positive correlation between Pim-1 and HBP1 expression may be involved in some specific carcinogenesis. Thus, we hypothesized that HBP1 is a target of Pim-1. We planned to examine the relative expression of Pim-1 and HBP1 in response to H 2 O 2 -induced oxidative stress in three different cell lines: 2BS (human diploid fibroblasts), HeLa (cervical cancer), and U2OS (osteosarcoma). First, we tested a complete profile of senescence and apoptosis markers for all three cell lines. The apoptosis markers (cell apoptosis rate and Bax protein expression) were tested by FACS and Western blotting, respectively. The results show that the apoptosis markers remained almost unchanged in H 2 O 2 -induced 2BS cells but increased in H 2 O 2 -induced HeLa or U2OS cells ( Fig. 1, A, B , and D). Meanwhile, the senescence markers (senescence-asso-ciated (SA) ␤-gal staining of cells and p16 and DNMT1 protein expression) were tested by SA-␤-gal staining and Western blotting, respectively. The results show that the senescence markers also remained unchanged in H 2 O 2 -induced HeLa or U2OS cells but significantly changed in H 2 O 2 -induced 2BS cells ( Fig.  1 , B-D). We also measured p53 status of the cell lines with Western blotting. As shown in Fig. 1, B and D, the levels of p53 protein increased in the three cell lines treated with H 2 O 2 . Altogether, the data indicate that H 2 O 2 induces apoptosis in U2OS or HeLa cells and premature senescence in 2BS cells. We speculate that H 2 O 2 activates p53 and p16 signal pathways in normal cells; thus the synergistic roles of the two signal pathways cause senescence in normal cells, whereas H 2 O 2 only activates the p53 signal pathway, thereby causing apoptosis in tumor cells. Additionally, Pim-1 and HBP1 protein levels increased in the three cell lines in response to H 2 O 2 treatment (Fig. 1, B and D). Our data indicate that expression of both Pim-1 and HBP1 is up-regulated in H 2 O 2 -induced prematurely senescent and apoptotic cells.
Pim-1 kinase promotes HBP1 expression by enhancing the stability of HBP1 protein
Next, we investigated whether Pim-1 kinase has a causative role in regulating HBP1. Exogenous Pim-1 increased HBP1 protein levels but had no effect on HBP1 mRNA expression ( Fig.  2A ). Moreover, Pim-1 knockdown decreased HBP1 protein levels but had no effect on HBP1 mRNA ( Fig. 2B ). Thus, Pim-1 regulated HBP1 expression at the posttranscriptional level. We next investigated whether the Pim-1-induced increase in HBP1 protein levels by was due to enhanced protein stability. Overexpression of Pim-1 caused a dramatic increase in HBP1 stability, whereas Pim-1 knockdown by shRNA reduced HBP1 stability ( Fig. 2C ). These results indicate that Pim-1 kinase promotes HBP1 expression by enhancing the stability of HBP1 protein.
Pim-1 interacts with HBP1, and H 2 O 2 enhances this interaction
We next sought to elucidate the potential mechanism by which Pim-1 enhances HBP1 protein stability. We hypothesized that there may be physical interaction between Pim-1 and HBP1 proteins and that HBP1 may be a target of Pim-1. First, we conducted co-immunoprecipitation with HeLa cells. Endogenous Pim-1 interacted with endogenous HBP1, and H 2 O 2 enhanced this interaction (Fig. 3A ). Next, we cotransfected FLAG-tagged Pim-1 and HA-tagged HBP1 into HeLa and HEK293T cells. Similarly to the endogenous proteins, exogenous Pim-1 interacted with exogenous HBP1 in HeLa and HEK293T cells ( Fig. 3B ).
To determine whether the interaction between Pim-1 and HBP1 is direct, we next performed a GST pulldown assay. GST-HBP1, but not GST alone, pulled down Pim-1 in vitro. A reciprocal GST pulldown assay further demonstrated an interaction between Pim-1 and HBP1 in vitro. In summary, Pim-1 directly interacts with HBP1 in vivo and in vitro. To further determine the specific domain required for this interaction, we constructed a set of HBP1 and Pim-1 deletion mutants in the pGEX-4T-1 vector and used these in GST pulldown assays. These assays indicated that the repression domain of HBP1 (designated as Repression) did not interact with Pim-1, whereas HBP1 lacking repression domain (designated as ⌬Repression) interacted with Pim-1. The weaker binding of ⌬Repression to Pim-1 compared with the other mutants might be due to the conformational changes caused by repression domain deletion ( Fig. 3C ). A subsequent reciprocal GST pulldown assay showed that the catalytic domain of Pim-1 did not bind HBP1, whereas a Pim-1 mutant lacking the catalytic domain (⌬Catalytic) bound HBP1 (Fig. 3D ). These results suggest that the interaction between HBP1 and Pim-1 is mediated by diverse domains of the two proteins but not by the repression domain of HBP1 or the catalytic domain of Pim-1.
HBP1 is phosphorylated at Ser-372/Ser-380 by Pim-1
To determine whether HBP1 is phosphorylated by Pim-1, HEK293T cells were cotransfected with HBP1 expression vector with or without Pim-1 expression vector. Subsequently, anti-phosphoserine and anti-phosphothreonine antibodies were used to detect phospho-HBP1 in the Pim-1-expressing cells. Immunoprecipitation (IP) with anti-HA antibody followed by probing with anti-phosphoserine or anti-phosphothreonine antibodies confirmed the presence of exogenous phospho-HBP1 in the Pim-1-expressing cells and demonstrated that the HBP1 phosphorylation occurred specifically at serine ( Fig. 4A, left) . Then endogenous HBP1 phosphorylation in HeLa cells was confirmed ( Fig. 4A, right) . We also investigated HBP1 phosphorylation in vitro. Purified His-tagged HBP1 protein was incubated with or without His-Pim-1 in the presence of adenosine triphosphate (ATP). The reaction products were separated by SDS-PAGE and immunoblotted with anti-His, anti-phosphoserine, or anti-phosphothreonine antibodies. The result further demonstrated that HBP1 was phosphorylated by Pim-1 at serine in vitro (Fig. 4B ).
We next performed mass spectrometry to identify the exact amino acids that were phosphorylated by Pim-1. Ser-372 and Ser-380 of HBP1 were phosphorylated in the presence of Pim-1 (supplemental Fig. S2, A and B) . To confirm this result, we designed three phosphorylation-deficient mutants: S372A, S380A, and S372A/S380A ( Fig. 4C ). Wild-type HBP1 was phosphorylated by Pim-1, consistent with the previous data. The HBP1 single-residue mutants (S372A and S380A) were partially phosphorylated by Pim-1, whereas for the double-residue mutant, S372A/S380A, the phospho-HBP1 level was close to the control level, suggesting that Pim-1-mediated HBP1 phosphorylation had been abolished ( Fig. 4D ). Furthermore, an in vitro kinase assay confirmed that HBP1 is phosphorylated at Ser-372/Ser-380 by Pim-1 (Fig. 4E ). Because Pim-1 increases HBP1 protein levels, we next explored whether HBP1 phosphorylation at Ser-372/Ser-380 is required for Pim-1 induction of HBP1. Pim-1 increased wild-type HBP1 protein levels but had no effect on levels of the double-residue mutant S372A/S380A, suggesting that Pim-1 increases HBP1 protein levels by phosphorylating HBP1 at Ser-372/Ser-380 ( Fig. 4F ).
HBP1 participates in Pim-1-induced apoptosis and premature senescence
Our data suggest that HBP1 protein is a target of Pim-1 kinase and can be phosphorylated at Ser-372/Ser-380 to enhance its stability. We next investigated whether HBP1 participates in Pim-1-induced apoptosis or premature senescence in tumor cells or normal cells and the potential role of HBP1 phosphorylation by Pim-1 in this process. FACS analysis demonstrated that Pim-1 induced apoptosis in U2OS and HeLa cells ( Fig. 5A ). Pim-1 or HBP1 overexpression increased levels of the apoptosis-associated protein Bax, whereas Pim-1 or HBP1 knockdown decreased Bax protein levels ( Fig. 5B ). Furthermore, HBP1 knockdown attenuated induction of Bax by Pim-1 ( Fig. 5C ), diminished Pim-1-induced apoptosis (Fig. 5D ), and abolished Pim-1-induced growth arrest ( Fig. 5E ) in U2OS and HeLa cells. These results indicate that HBP1 participates in Pim-1-induced apoptosis in tumor cells. Additionally, Pim-1 overexpression increased levels of the senescence-associated protein p16 and decreased levels of the DNA methyltransferase The protein levels of Pim-1 and HBP1 were measured by Western blotting in HeLa, U2OS, and 2BS cells transfected with either pITA-FLAG-Pim-1 or pITA (as a control) (top). The mRNA levels of HBP1 were measured by real-time PCR (bottom). B, endogenous Pim-1 regulates HBP1 expression. The protein levels of Pim-1 and HBP1 were measured by Western blotting in HeLa, U2OS, and 2BS cells transfected with pLL3.7-shPim-1-1, pLL3.7-shPim-1-2, or pLL3.7 (as a control) (top). The mRNA levels of HBP1 were measured by real-time PCR (bottom). C, Pim-1 prolongs the half-life of HBP1. HeLa cells were stably transfected with pITA, pITA-FLAG-Pim-1, pLL3.7, or pLL3.7-shPim-1 through lentiviral infection, respectively. Cells were incubated with the protein translation inhibitor CHX for 0, 30, 60, or 90 min before harvest. Pim-1 and HBP1 protein levels were detected by Western blotting. GAPDH was used as the loading control (top). Quantification of HBP1 protein levels was determined using TotalLab software and normalized to GAPDH, and densitometry was plotted for the mean Ϯ DNMT1, which is known to negatively correlate with senescence (32) ( Fig. 5F ). Conversely, HBP1 knockdown attenuated the effect of Pim-1 on the expression of these two genes. HBP1 knockdown also attenuated Pim-1-induced senescence as indicated by SA-␤-gal staining ( Fig. 5G ) and growth arrest in 2BS cells ( Fig. 5E ), suggesting that HBP1 also participates in Pim-1induced premature senescence in normal cells.
We next investigated the role of HBP1 phosphorylation by Pim-1 in HBP1-induced apoptosis and premature senescence. Expression of wild-type HBP1 decreased DNMT1 protein levels but increased p16 protein levels, whereas expression of the S372A/S380A mutant reduced this HBP1-mediated decrease in DNMT1 and increase in p16 to nearly control levels. Expression of the two single-residue mutants (S372A and S380A) resulted in partial HBP1-mediated reduction in DNMT1 levels and an increase in p16 levels ( Fig. 6A ). To explore the mechanisms underlying this effect, we conducted a reporter gene assay. Expression of wild-type HBP1 repressed the DNMT1 promoter and activated the p16 promoter, but the repression of the DNMT1 gene and activation of p16 gene were defective in cells expressing S372A/S380A. Cells expressing the single-residue mutants S372A and S380A partially retained the effects of HBP1
Figure 3. Pim-1 interacts with HBP1 in vivo and in vitro.
A and B, Pim-1 interacts with HBP1 in vivo, and H 2 O 2 enhances the interaction. HeLa cells treated with or without H 2 O 2 were lysed with IP lysis buffer and then subjected to immunoprecipitation with anti-HBP1 or anti-Pim-1 antibodies followed by Western blotting with anti-HBP1 or anti-Pim-1 antibodies (A). HeLa or HEK293T cells were cotransfected with FLAG-Pim-1 and HA-HBP1. An IP assay was carried out using anti-FLAG/HA antibody followed by Western blotting with anti-HA or anti-FLAG antibodies. The same samples were immunoblotted (IB) against FLAG or HA to determine immunoprecipitation efficiency (B). C and D, Pim-1 interacts with HBP1 in vitro. Shown is a schematic representation of N-terminal GST-tagged full-length HBP1 along with its various deletion mutants (C, top) and Pim-1 along with its various deletion mutants (D, top). P domain, the regions outside of the HMG box binding and the repression domains. GST pulldown assay was carried out to determine the domain of HBP1 essential for its interaction with Pim-1 (C, bottom) and the domains of Pim-1 essential for its interaction with HBP1 (D, bottom). GST pulldown efficiency was evaluated by Western blotting with anti-GST antibody. Arrows represent the proteins of GST-tagged HBP1, Pim-1, or their deletion mutants.
on the DNMT1 and p16 promoters ( Fig. 6B ). Furthermore, Pim-1 enhanced binding of HBP1 to the DNMT1 and p16 promoters ( Fig. 6C ) and thus promoted the transcriptional regulation effect of HBP1 on these promoters (Fig. 6D ). These data suggest that phosphorylation of HBP1 at Ser-372/Ser-380 by Pim-1 is required for HBP1-mediated DNMT1 repression and p16 activation.
We next investigated the role of HBP1 phosphorylation in induction of apoptosis and premature senescence. The two single-residue mutants S372A and S380A were partially defective for HBP1-induced Bax expression and apoptosis, whereas the double-residue mutant S372A/S380A exhibited total abolition of HBP1-induced Bax expression and apoptosis (Fig. 6, E and  G) . Furthermore, the percentage of SA-␤-gal-positive cells in S372A/S380A-expressing cells was not increased compared with control cells, whereas this percentage was slightly increased in S372A-and S380A-expressing cells, indicating that mutation of the two sites (Ser-372 and Ser-380) abolished induction of premature senescence by HBP1 ( Fig. 6F ). Thus, phosphorylation at Ser-372/Ser-380 is necessary for transactivation of HBP1, thereby allowing it to participate in Pim-1induced premature senescence and apoptosis.
HBP1 enhances Pim-1 expression by binding a high-affinity site in the Pim-1 promoter
Intriguingly, we identified a high-affinity HBP1-binding site in the Pim-1 promoter by bioinformatics ( Fig. 7A ). Thus, we A, HBP1 is phosphorylated by Pim-1 in vivo. HEK293T cells were cotransfected HA-HBP1 with or without FLAG-Pim-1. An IP assay was carried out using anti-HA antibody followed by Western blotting with anti-HA, -phosphoserine, or -phosphothreonine antibodies. HeLa cells were stably transfected with pITA, pITA-FLAG-Pim-1, pLL3.7, or pLL3.7-shPim-1 through lentiviral infection, respectively. An IP assay was carried out using anti-HBP1 antibody followed by Western blotting with anti-HBP1 or anti-phosphoserine antibodies. B, HBP1 is phosphorylated by Pim-1 in vitro. Purified His-tagged HBP1 protein was incubated with or without His-Pim-1 in the presence of ATP. The reaction products were separated by SDS-PAGE and immunoblotted (IB) with the anti-His, -phosphoserine, or -phosphothreonine antibodies. C, schematic representation of wild-type HBP1 along with its single or double point mutants. D, HBP1 is phosphorylated at Ser-372 and Ser-380 by Pim-1 in vivo. HEK293T cells were cotransfected wild-type HBP1 or its single or double point mutants with or without HA-Pim-1. An IP assay was carried out using anti-FLAG, and the phosphorylation of wild-type and mutant HBP1 was assessed by Western blotting using antibodies against FLAG and phosphoserine (HBP1). E, HBP1 is phosphorylated at Ser-372 and Ser-380 by Pim-1 in vitro. Purified His-tagged wild-type HBP1 or its mutants were incubated with or without His-Pim-1 in the presence of ATP. The reaction products were separated by SDS-PAGE and immunoblotted with the anti-His or -phosphoserine (HBP1) antibodies. F, the increase of HBP1 protein levels induced by Pim-1 depend on Ser-372/Ser-380 phosphorylation. The protein levels of HBP1 and Pim-1 were measured by Western blotting in HEK293T cells transfected with FLAG-tagged HBP1, double point mutant S372A/S380A, or GFP with or without Pim-1 transfection. Levels of GFP protein are shown as equal transfection efficiency.
hypothesized that HBP1 is also a regulator of the Pim-1 gene. We found that exogenous HBP1 expression elevated Pim-1 protein and mRNA levels in all three cell lines tested ( Fig. 7B ). Moreover, HBP1 knockdown reduced Pim-1 protein and mRNA levels ( Fig. 7C ). Thus, we conclude that HBP1 regulates the Pim-1 gene.
We next explored whether HBP1 transcriptionally activates the Pim-1 promoter through sequence-specific DNA binding. HBP1 is a member of the sequence-specific HMG box family of transcriptional factors with a central repression domain (amino acids 191-400) and a C-terminal HMG box DNA-binding domain (amino acids 431-509) as well as a retinoblastoma-and p38 MAPK-binding regulatory region (42, 44, 45) . To examine the domains required for DNA binding, we used two mutants, pmHMG and delEx7 ( Fig. 8A ). pmHMG carries a triple-residue mutation in the HMG box DNA-binding domain that abolishes DNA binding. The delEx7 mutant was isolated in our previous breast cancer study and represents a naturally occurring mutant of HBP1 that is associated with invasive breast cancer (44) . An exon-skipping deletion in delEx7 creates a premature termination signal, resulting in deletion of the DNA-binding domain and much of the repression domain. Wild-type HBP1 overexpression increased Pim-1 protein levels, but expression of the DNA-binding-defective mutants pmHMG and delEx7 had no effect on Pim-1 protein levels relative to levels in control cells (Fig. 8B) . We designed two Pim-1 promoter-luciferase reporters with a native Pim-1 segment (Luc-Pim-1) or with a Pim-1 segment with a deletion that abolishes the HBP1 affinity site (Luc-⌬Pim-1) (Fig. 7A ). Wild-type HBP1 expression activated the Pim-1 promoter; in contrast, it had no effect on the Pim-1 promoter that lacked the high-affinity site. As expected, the HBP1 mutants defective in sequence-specific DNA binding (pmHMG and delEx7) had no effect on either the native or mutant Pim-1 promoters (Fig. 8C) . These results indicate that the HBP1 DNA-binding domain and integrity of the high-affinity HBP1 promoter element are indispensable for Pim-1 gene activation by HBP1.
We next investigated the effect of HBP1 and the phosphorylation mutants on Pim-1 gene activation. With the addition of exogenous HBP1, the relative activity of the native Pim-1 promoter increased significantly in a dose-dependent manner (Fig.  8D) . Expression of wild-type HBP1 and the S372A mutant enhanced Pim-1 promoter activity and protein expression, whereas the S380A and S372A/S380A mutants exhibited defective activation of the Pim-1 gene and protein expression ( Fig. 8,  E and F) . These data indicate that phosphorylation of HBP1 at Ser-380 is indispensable for its induction of the Pim-1 gene.
We next investigated whether HBP1 binds to the Pim-1 gene promoter. A chromatin immunoprecipitation assay indicated that wild-type HA-HBP1 bound to the endogenous Pim-1 promoter near the high-affinity site (Fig. 9A ). HA-pmHMG, which is defective in DNA binding, and delEx7, which lacks the DNAbinding domain, did not bind the endogenous Pim-1 promoter. Furthermore, an electrophoretic mobility shift assay showed that endogenous HBP1 could bind to a specific oligonucleotide probe containing the affinity site and biotin label (TAGAAAA-CTTTCAAAGGAAACATTTA-biotin), and transfection of wild-type HBP1 resulted in increased HBP1 binding (Fig. 9B) . The mutant HBP1 defective for DNA binding, pmHMG, did not bind to the probe. Another mutant, delEx7, which lacks the HMG box DNA-binding domain, also did not bind to the probe (Fig. 9C) . The HBP1 electrophoretic mobility shift assay signal was specific as determined by competition with a 100-fold excess of unlabeled probe (wild-type probe) but not with a mutant probe bearing point mutations in the high-affinity site (Fig. 9, B and C) . Moreover, the stronger bands in the lanes for the transfected HA-HBP1 were supershifted with anti-HA antibody, confirming that HBP1 binds to the high-affinity site probe specifically (Fig. 9B ). Together, these results indicate that HBP1 specifically binds to and activates the endogenous Pim-1 promoter, resulting in the observed increase in Pim-1 expression.
A positive feedback loop between Pim-1 and HBP1 contributes to H 2 O 2 -induced premature senescence and apoptosis
We next examined the role of the Pim-1-HBP1 positive feedback loop in H 2 O 2 -induced premature senescence and apoptosis. Pim-1 and HBP1 protein levels initially increased during H 2 O 2 treatment but then declined later in the treatment period (Fig. 10, A and B) . Two protein markers, Bax and p16, were increased for the entire duration of H 2 O 2 treatment. To confirm that the feedback between Pim-1 and HBP1 really happens in the context of H 2 O 2 damage, we performed immunoprecipitation assay to test the kinetics of HBP1 phosphorylation in response to H 2 O 2 induction. As shown in Fig. 10A , the level of phospho-HBP1 increased with H 2 O 2 treatment in HeLa and U2OS cells, and phosphorylation of HBP1 was initially activated at 12 or 24 h in HeLa or U2OS cells treated with H 2 O 2 , coincident with the increased expression pattern of HBP1 protein. Additionally, we also performed a luciferase assay to test whether H 2 O 2 affects HBP1 transactivation on Pim-1 promoter. As shown in Fig. 10C , H 2 O 2 enhanced transactivation of endogenous HBP1 on Pim-1 promoter. Furthermore, H 2 O 2 also enhanced transactivation of exogenous HBP1 on Pim-1 promoter (Fig. 10D ). To explore the mechanism of H 2 O 2 enhancement of transactivation of HBP1 on Pim-1 promoter, HeLa cells were treated with H 2 O 2 , and then nuclear and cytoplasmic HBP1 protein levels were determined by Western blotting (Fig. 10E, top) . The data indicate that H 2 O 2 treatment causes nuclear accumulation of HBP1, thus enhancing its transactivation on Pim-1 promoter. In turn, Pim-1 overexpression also caused nuclear accumulation of HBP1 (Fig. 10E, bottom) , thereby further enhancing HBP1 transcription activity. Our data indicate that the positive feedback loop between HBP1 and Pim-1 occurs upon H 2 O 2 exposure. These results also suggest that Pim-1 and HBP1 proteins act as key regulators to prevent propagation of damaged cells during H 2 O 2 exposure initially but that complex cell metabolic processes and activation of other signaling pathways may occur and influence the activity of the Pim-1-HBP1 positive feedback loop upon longer H 2 O 2 exposure. However, p16 and Bax protein levels remain elevated throughout the exposure period and thus eventually induce premature senescence and apoptosis. To further explore how the Pim-1-HBP1 positive loop affects H 2 O 2 -induced apoptosis and premature senescence, we transfected HeLa and 2BS cell lines with shHBP1, shPim-1, shHBP1 ϩ shPim-1, and control vector. All of these cell lines were treated with H 2 O 2 . HBP1 or Pim-1 knockdown by shRNA partly attenuated H 2 O 2 induction of Bax, DNMT1, and p16, and double knockdown of HBP1 and Pim-1 enhanced this attenuation (Fig. 10F ).
In accordance with these results, HBP1 or Pim-1 knockdown partly attenuated H 2 O 2 induction of apoptosis and premature senescence, and double knockdown of HBP1 and Pim-1 enhanced this attenuation (Fig. 10, G and H) . The results indicate that the positive feedback loop between Pim-1 and HBP1 promotes premature senescence and apoptosis in response to H 2 O 2 exposure by regulating the senescence markers DNMT1 and p16 and the apoptosis marker Bax.
Discussion
H 2 O 2 , like other oxidants, has historically been considered a damaging entity that causes oxidative stress-related diseases such as cardiovascular disease, pulmonary fibrosis, and cancer. The rationale for this relationship is that H 2 O 2 oxidizes various biomolecules, resulting in their loss of function and causing damage that ultimately compromises cellular function. However, the precise nature by which H 2 O 2 functions as a cellular signaling agent has remained unclear.
Here, we show that H 2 O 2 promoted apoptosis and premature senescence through a Pim-1-HBP1 signaling pathway. We have identified both Pim-1 and HBP1 as important factors in regulating H 2 O 2 -induced premature senescence and apoptosis. Our work is consistent with a model in which H 2 O 2 induces cell growth arrest by activation of a Pim-1-HBP1 positive feedback loop (see model in Fig. 11 ). More specifically, we suggest that, in response to H 2 O 2 induction, Pim-1 kinase binds to and phosphorylates HBP1 (Figs. 3 and 4) , which leads to rapid initial HBP1 activation. The activated HBP1 binds preferentially to the Pim-1 promoter and triggers prompt, selective induction of Pim-1 gene expression in cells treated with H 2 O 2 (Figs. 7-9 ). This further elevates Pim-1 protein levels, which in turn further drives HBP1 activation. Eventually, expression of HBP1 target genes such as p16, DNMT1, and Bax is induced, which leads to premature senescence and apoptosis. Our data implicate Pim-1 kinase activity in HBP1 induction and transactivation of Pim-1 by HBP1 following oxidative stress. The hypothesis that Pim-1 and HBP1 are components of a common checkpoint pathway in response to oxidative stress is also supported by the finding that the loss of either protein attenuates H 2 O 2 -induced premature senescence and apoptosis (Fig. 10, F-H) .
We also found that, in cells undergoing oxidative damage, HBP1 activation is initiated first, well before growth arrest occurs. Further HBP1 activation builds up gradually thereafter through escalation of the output of the Pim-1-HBP1 positive feedback loop (Fig. 10, A and B) . Unexpectedly, the amplified action of the Pim-1-HBP1 positive feedback loop is abolished on longer exposure to H 2 O 2 (over 60 h in HeLa or U2OS cells or 6 days in 2BS cells). These results indicate that the positive feedback loop between Pim-1-HBP1 only occurs during initial H 2 O 2 exposure and contributes to premature senescence and apoptosis. We suggest that complex cell metabolic processes and activation of other signaling pathways may interfere with activity of the Pim-1-HBP1 positive feedback loop upon longer H 2 O 2 exposure. However, p16 and Bax protein levels remain elevated and thus eventually induce premature senescence and apoptosis. This suggests that H 2 O 2 -exposed cells that undergo growth arrest can avoid tumorigenesis.
Proliferative arrest is a major characteristic of senescent and apoptotic cells. Increasing evidence indicates that cellular senescence and apoptosis act as protective mechanisms against tumorigenesis (46, 47) . Pim-1 is a serine/threonine kinase that regulates multiple cellular functions, including the cell cycle, cell survival, and drug resistance. Aberrant elevation of Pim-1 kinase is associated with various types of cancer (12, 48, 49) . Unexpectedly, in this study, we found that expression of the oncogene Pim-1 is induced in response to oxidative stress and -1 promoter. A, HBP1 binding to the endogenous Pim-1 promoter requires the HMG domain. ChIPs were used to test the binding of exogenous HBP1 to the endogenous Pim-1 gene. HEK293T cells were transfected with HA-HBP1, HA-pmHMG, or HA-delEx7. The region from position bp Ϫ1423 to position bp Ϫ1451 contains the HBP1 element and was analyzed by specific PCR. Anti-HA antibody or control IgG was used in the indicated lanes. B and C, EMSAs were performed by using a biotin-labeled WT probe (bio-WT; containing the HBP1 affinity site). 10-g amounts of nuclear extracts from HEK293T cells expressing HA-HBP1 (B), HA-pmHMG, or HA-delEx7 (C) were used. The probe (TAGAAAACTTTCAAAGGAAACATTTA) and the mutant probe (TAGAAAACTTTACCCTGAAACATTTA) were used as unlabeled competitors at a 100-fold excess. The presence of specific complexes, including supershifted HA-HBP1 in the complexes, is indicated (B).
that loss of Pim-1 impairs the cellular senescence or apoptosis response in normal fibroblast cells and tumor cells, suggesting that Pim-1 may have tumor-suppressive properties. Some stud-ies have reported that a high Pim-1 level correlates with good prognosis in prostate adenocarcinoma, pancreatic ductal carcinoma, and non-small-cell lung cancer (50 -53) . This would be in keeping with Pim-1 being part of the cellular senescence or apoptosis mechanism. Based on the data that Pim-1 acts as a key regulator to induce senescence and apoptosis and thereby prevents propagation of damaged cells during H 2 O 2 exposure, we speculate that inhibition of Pim-1 expression alone probably induces tumorigenesis in normal cells and enhances malignancy in tumor cells in response to oxidative stress. Thus, caution must be exercised when considering Pim-1 inhibitors as potential therapeutic interventions for cancer (16) .
Our current study demonstrated that Pim-1 phosphorylates HBP1 protein on Ser-372 and Ser-380 to enhance its stability and that Ser-380 phosphorylation of HBP1 is indispensable for its activation of the Pim-1 promoter. We previously reported that p38 MAPK phosphorylates HBP1 on Ser-401 to contribute to Ras-induced premature senescence (42) . Our data support a molecular framework in which HBP1 contributes to cell cycle inhibition by acting as a novel target of specific protein kinases. In the present work, we provide evidence that phosphorylation of HBP1 by Pim-1 enhances Pim-1 transcription to form a positive feedback loop and enhances the expression of target genes, including p16, DNMT1, and Bax, to induce cell cycle inhibition in response to oxidative stress. Our work underscores the importance of a Pim-1-HBP1 positive feedback loop for regulating cellular senescence and apoptosis in response to oxidative stress, which is a G 1 arrest checkpoint control, especially during the early period of the stress. Hence, tumors may conceivably bypass optimal G 1 arrest checkpoint control and accrue malignancy by disabling either Pim-1 or HBP1.
Experimental procedures
Cell culture, transfection, and lentivirus gene expression
2BS, HEK293T, HeLa, and U2OS cells were cultured in DMEM containing 10% fetal bovine serum. H 2 O 2 was purchased from Sigma. The lentivirus vector pLL3.7-shHBP1 expresses shRNA that targets HBP1 mRNA (5Ј-ACTGT-GAGTGCCACTTCTC-3Ј and 5Ј-CACATGGAGCTTGAT-GACC-3Ј, and the lentivirus vector pLL3.7-shPim-1 expresses shRNA that targets Pim-1 mRNA (5Ј-TATTCCTTTCGAG-CATG AC-3Ј and 5Ј-GTTTCGTCCTGATCCTGGA-3Ј).
Real-time PCR
Total RNA was isolated using the RNAsimple Total RNA kit (Tiangen). The cDNA was synthesized using ReverAid First Strand cDNA Synthesis kit (Thermo Scientific) and then ana- 
Western blotting and antibodies
The experiment was performed as described previously (30) . The whole-cell lysates for Western blot analysis were prepared in radioimmune precipitation assay buffer (Thermo Scientific) containing protease inhibitor mixture (Sigma). Cytoplasmic and nuclear extracts were obtained using nuclear and cytoplasmic protein extraction reagents (Beyotime) containing protease inhibitor mixture (Sigma), and then protein concentrations were measured by the BCA Protein Assay kit (Pierce). 20 -60 g of protein was separated by SDS-PAGE and transferred to nitrocellulose membranes (Pall Corp.). The primary antibodies used for immunoblot analysis were against FLAG (F1804, Sigma), HA (MMS-101P, Covance), GST (IT003M, M&C Gene Technology), His (66005-1-Ig, Proteintech), Pim-1 (sc-13513, Santa Cruz Biotechnology), Bax (sc-7480, Santa Cruz Biotechnology), DNMT1 (sc-10222, Santa Cruz Biotechnology), p53 (sc-126, Santa Cruz Biotechnology), phosphoserine (sc-81514, Santa Cruz Biotechnology), phosphothreonine (9381S, Cell Signaling Technology), HBP1 (11746-1-AP, Proteintech), p16 (10883-1-AP, Proteintech), HDAC1 (AH379, Beyotime), ␣-tubulin (RM2007, Rayantibody), GFP (CW8006, CWBiotech), and GAPDH (KM9002, Sungene). The secondary antibodies IRDye 800-conjugated anti-mouse IgG antibody (610-132-121) and DyLight 800-conjugated affinity-purified anti-rabbit IgG (611-145-002) were purchased from Rockland.
GST pulldown assay
The control GST and GST-tagged proteins were expressed in Escherichia coli strain BL21 (DE3). Bacterial lysates were prepared in ice-cold binding buffer (PBS) by sonication and incubated with glutathione-Sepharose beads (GE Healthcare) overnight at 4°C with rocking. After the incubation, His-tagged proteins were added to each tube for 4 h at 4°C. The beads were washed with binding buffer three times and eluted with elution buffer (50 mM Tris-HCl, pH 8.0) containing 10 mM reduced glutathione. The elution was separated by SDS-PAGE, and the interactions were analyzed by Western blotting with the specified antibody.
In vitro kinase assay and identification of HBP1 phosphorylation sites by mass spectrometry
For the in vitro kinase assays, 2 g of His-Pim-1 and 8 g of His-HBP1 were incubated in kinase buffer (Cell Signaling Technology) for 30 min at 30°C in the presence of 200 M ATP. Then SDS-PAGE loading buffer was added to stop the reaction. Phosphorylation of HBP1 was analyzed by Western blotting with anti-phosphoserine or anti-phosphothreonine antibodies. To identify HBP1 phosphorylation sites, the reaction products were resolved by SDS-PAGE, and gels were stained with Coomassie Blue. The protein bands were retrieved and analyzed by mass spectrometry.
Protein half-life assay
HeLa cells were transfected with plasmids as indicated in individual experiments. 48 h after transfection, 100 g/ml cycloheximide (CHX) was added to the dishes, and the CHX treatment was terminated at 0-, 30-, 60-, and 90-min time points as indicated. Whole-cell lysates were prepared, and 60 g of total protein from each sample was analyzed by Western blotting with anti-HBP1 antibody. Quantification of HBP1 protein was determined using TotalLab software and normalized to GAPDH.
Electrophoretic mobility shift assay (EMSA)
The EMSA was performed as described previously (34) . The DNA sequences of the probes used were as follows: Pim-1-WT, 5Ј-TAGAAAACTTTCAAAGGAAACATTTA-3Ј and 5Ј-TAA-ATGTTTCCTTTGAAAGTTTTCTA-3Ј; Pim-1-MT, 5Ј-TAGAAAACTTTACCCTGAAACATTTA-3Ј and 5Ј-TAA-ATGTTTCAGGGTAAAGTTTTCTA-3Ј.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously (34) . For the Pim-1 promoter, the PCR primer sequences were 5Ј-ATAAAAGTTGTGGAGGATCTGGG-3Ј and 5Ј-AAT-TGAATTGTCAGTGGCCTAAGTA-3Ј. For the DNMT1 promoter, the PCR primer sequences were 5Ј-AGA-TGGAGGTTGGATTGGA-3Ј and 5Ј-AGAGGCGATAC-CCTGTGC-3Ј (32) . For the p16 promoter, the PCR primer sequences were 5Ј-CCTTCCAATGACTCCCTC-3Ј and 5Ј-AACCTTCCTAACTGCCAAA-3Ј (33) .
Reporter gene assay
Cells were transfected with plasmids as indicated in individual experiments. Cell lysates were prepared with the Dual-Luciferase Reporter Assay kit (Promega) according to the manufacturer's instructions at 24-48 h posttransfection. The firefly luciferase activity measurements were normalized to Renilla luciferase activity for the same sample. The luciferase assay was performed on three biological replicates, and each replicate was measured at least three times. The luciferase activities were expressed as the means Ϯ S.D. (error bars) from four experiments. *, p Ͻ 0.05; **, p Ͻ 0.01.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
HeLa, U2OS, and 2BS cells were stably transfected with plasmids as indicated in individual experiments. After puromycin (0.4 g/ml) and/or G418 (300 g/ml) selection, cells were seeded into 96-well plates at a density of 2000 cells/well. After culturing for 1, 2, 3, 4, 5, 6, 7, 9, or 11 days, 15 l of MTT solution (5 mg/ml) was added to each well followed by further incubation at 37°C for 4 h. Medium was removed, and 200 l of DMSO was added to each well to dissolve the formazan crystals. The absorbance at 490 nm was read using a microplate reader. The MTT assay was performed on three biological replicates, and each replicate was measured at least three times.
SA-␤-gal staining
The experiment was performed using a Senescence ␤-Galactosidase Staining kit (Beyotime) following the manufacturer's instructions. Cells were washed once in PBS, fixed for 15 min at room temperature in 3% formaldehyde, and washed three times with PBS again. Then cells were incubated overnight at 37°C with freshly prepared SA-␤-gal stain solution. At least 300 cells were counted in randomly chosen fields, and the percentage of cells positive for SA-␤-Gal was determined in three independent experiments and expressed as mean Ϯ S.D. (error bars). *, p Ͻ 0.05; **, p Ͻ 0.01.
Apoptosis assay
The apoptosis assay was conducted using the Annexin V-FITC/propidium iodide (PI) Dual Staining kit (BestBio). Briefly, cells were resuspended in 400 l of 1ϫ binding buffer and incubated with Annexin V-FITC for 15 min and then with PI for another 5 min at 4°C in the dark. After staining, cells were analyzed using a flow cytometer (BD Biosciences). The apoptosis assay was measured at least three times with independent samples. Results of cell apoptosis rate were representative of three independent experiments and were expressed as mean Ϯ S.D. (error bars). *, p Ͻ 0.05, **, p Ͻ 0.01.
Statistical analysis
The data are expressed as the mean Ϯ S.D. (error bars) from three independent experiments as indicated in the figure legends. The statistical analysis was done by using Student's t test, and p Ͻ 0.01 or 0.05 was considered significant. *, p Ͻ 0.05, **, p Ͻ 0.01.
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